Electrides are special ionic solids with excess cavity-trapped electrons serving as anions. Despite the extensive studies on electrides, the interplay between electrides and magnetism is not well understood due to the lack of stable magnetic electrides, particularly the lack of inorganic magnetic electrides. Here, based on the mechanism of Stonertype magnetic instability, we propose that in certain electrides the low-dimensionality can facilitate the formation of magnetic ground state because of the enhanced density of states near the Fermi level. To be specific, A 5 B 3 (A = Ca, Sr, Ba; B = As, Sb, Bi) (1D), Sr 11 Mg 2 Si 10 (0D), Ba 7 Al 10 (0D) and Ba 4 Al 5 (0D) have been identified as stable magnetic electrides with spin-polarization energies of tens to hundreds of meV per formula unit. Especially for Ba 5 As 3 , the spin-polarization energy can reach up to 220 meV. Furthermore, we demonstrate that the magnetic moment and spin density mainly derive from the interstitial anionic electrons near the Fermi level. Our work paves a way to the searching of stable magnetic electrides and further exploration of the magnetic properties and related applications in electrides.
Introduction
Electrides are special ionic solids, in which there are excess valence electrons from the viewpoint of formal valence. [1] [2] [3] [4] The excess electrons are trapped at the cavities which are formed by atomic voids, and thus serve as anions. 5 Due to the loose bonding to the cores, these anionic electrons show low work function 6 and high mobility, 7 making the electrides promising catalysts, 8, 9 electron emitters, 10 and battery anodes, 11, 12 etc. 13, 14 The earliest researches of solid electrides focused on the organic materials, which, however, are unstable at room temperature and sensitive to the atmosphere. 15, 16 In recent years, Ca 2 N has been demonstrated to be an electride by electron transport measurement and since then inorganic electrides have sprung up quickly. [17] [18] [19] [20] [21] According to the dimensionality of the anionic electrons confinement, e.g., zero-dimensional (0D) cavities, one-dimensional (1D) channels and twodimensional (2D) interlayers, the electrides can be conveniently classified. A large amount of electrides with different confinement dimensionalities have been identified recently by high-throughput calculations from all known inorganic materials. 22 Therefore, electride has become an active field of solid state chemistry and material science.
The magnetic electrides stand out for the significant potential application in spintronics.
For instance, the spin-polarized anionic electrons with low work function can be used for spin injection. 23 However, the explorations on the properties and applications related to the magnetism, which mainly comes from the trapped anionic electrons, are limited due to the lack of stable magnetic electrides. Considering the itinerant nature of the electride electrons, the magnetic instability is believed to be originated from the Stoner's mechanism, i.e., the ferromagnetism instability caused by the high peak of electronic density of states (DOS) near the Fermi level (E F ). 24 Early attempts have been made in the alkali metal organic antiferromagnetic electrides, where the magnetism cannot be well utilized and manipulated. 25, 26 For the inorganic electrides, a 2D magnetic electride Y 2 C has been studied very recently, which can be easily exfoliated into thin films and benefit the 2D spintronic devices. 27 However, the calculated spin-polarization energy of the ferromagnetic state is low, and no static magnetic order of the anionic electrons has been observed in experiments even at low temperature.
28,29
To stabilize its magnetic state, the sample quality needs improving and assistant external methods are required. 30 Therefore, stable inorganic magnetic electrides, especially those with ferromagnetic ground state and large spin-polarization energy, are urgently needed for the future magnetic applications.
In this work, based on the mechanism of Stoner-type magnetic instability, we propose that the magnetic ground state could be realized in 1D and 0D electrides due to the possibly 
Methods
First-principles calculations within the framework of density functional theory (DFT) are performed by the Vienna ab initio simulation package (VASP). 31 The Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) of the exchange-correlation functional is used. 32 The ionic potentials of all atoms are described by projector augmented wave (PAW) method. 33 The plane wave basis with a kinetic energy cutoff of 400 eV and fine k-point mesh denser than 0.1Å −1 are adopted, yielding well-converged total energies. All the structures are fully relaxed with van der Waals correction (DFT-D2 method) until the residual force acting on each atom is lower than 0.001 eV/Å. 34 We find that the relaxed lattice constants of all materials are consistent with the experimental values. Spin-polarized calculations for both magnetic and nonmagnetic states are employed to get the magnetic ground states and electronic properties. The initial magnetic bias is applied on Ba atoms neighboring to the voids which are allowed to optimize. For nonmagnetic state, the initial magnetic bias is set to be zero, and the energies calculated using such method are almost the same as the results of non-spin-polarized calculations. An overestimation of the nonmagnetic energy may be caused if considering the static correlation effect for the spin-degenerate system.
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Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional calculations with the same cut-off energy and k-mesh as the PBE calculation are carried out to check the results. 36 Hole doping is performed by reducing the number of electrons and meanwhile assuming a homogeneous background charge, which is a universal method for the doped system.
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Results and discussion
Stoner-type magnetism in electride
To search for the stable magnetic electrides, we start from the Stoner's mechanism, with which the origin of itinerant electron magnetism can be successfully explained. 24 For a metallic system with itinerant electrons, if it has DOS peak at E F or large exchange interaction, the FM state will be likely formed in order to lower the total energy. In other words, the FM instability occurs when D(E F )I > 1, where D(E F ) and I are DOS at E F and the effective exchange interaction parameter, respectively. For magnetic electrides we concern here, the magnetism is mainly contributed by the interstitial electrons. As to the exchange interaction I which is complicated to handle, the values for different electrides might be similar because of the s-like feature of the anionic electron. 28 Therefore, the D(E F ), which varies greatly for electrides of different dimensionalities, plays a decisive role in the FM instability. The itinerant anionic electrons are trapped in the cavities, leading to the possibly large DOS near E F due to the quantum confinement effect.
As shown in Figure 1a , the 2D electride has layered crystal structure, and the anionic electrons are confined in the interlayer space. The broad intralayer band dispersion results in a relatively small DOS near E F , which may be one of the reasons for the weak magnetism and low energy reduction in 2D electride Y 2 C. 28 For the case of 1D or 0D electrides, the anionic electrons reside in the fibrous channels or point cavities with 1D or 0D energy dispersion [ Figure 1b ,c]. A large peak of DOS is likely to generate near E F due to the quantum confinement effect, satisfying the condition of the Stoner-type instability. We underline that the AFM state may also be formed due to the complicated band structure and exchange interaction in electrides. Therefore, in the 1D and 0D electrides, the magnetic ground states can form thank to the possibly large DOS near E F . For instance, the AFM ground states of the early studied organic electrides can be attributed to the 0D confinement. It should be emphasized that the model only gives the ideal situation, i.e., the anionic electrons are fully trapped in cavities without interacting with the orbital electrons. In real materials, the orbital electrons are likely to hybridize with the anionic electrons, affecting the localization of the anionic electrons and the spin splitting. That is to say, the D(E F ) of electrides depends on both the dimensionality of the confinement and the degree of hybridization with orbital electrons. Here, we mainly focus on the former factor and leave the latter for future discussion.
Recently, a high-throughput identification of electrides from all known inorganic materials was reported, 22 indicate that the states around E F are mainly located in the interstitial sites.
As a result of the non-spin-polarized calculations, Ba 5 As 3 is a 1D electride with the anionic electrons trapped in 1D channels. Due to the small energy dispersion in xy plane, there is a peak of DOS near E F composed of the anionic electrons [ Figure 2c ], which may give rise to the Stoner-type instability. Next, we show the results of spin-polarized calculations.
Here, three magnetic configurations are taken into consideration: FM, zigzag AFM (AFM zig ) and collinear AFM (AFM coll ) states. Though the anionic electrons don't belong to any atoms, the initial magnetic bias can be applied to the nearest Ba 1 atoms neighboring to the voids, which is a successful approach used in the calculation of organic magnetic electrides. 38, 39 The calculated total energies show that the AFM zig state is the most stable magnetic order [ Figure 3a] , with the energy lower than the NM state by 218.5 meV per unit cell. While the energy of the FM state is 200.7 meV lower than the NM state [ Figure   3b ], slightly higher than the AFM zig state. The energy difference between AFM coll and NM is −217.4 meV (data are shown in Table 1 ). It should be noted that the spin-polarization energy is much larger than that of 2D electride Y 2 C, which is only tens of meV. 28 This result indicates the strong stability of magnetism in Ba 5 As 3 . Figure 3a ,b show the spatial spin density distributions, which mainly concentrate in the interstitial 1D channels for both AFM zig and FM states. So we can conclude that the magnetism is primarily induced by the To further confirm that the anionic electrons play the main role in the magnetism, we artificially reduce the number of excess electrons of Ba 5 As 3 , which can be achieved by holetype doping or gating in 2D structure. Figure 3e ,f show the magnetic moment and spin density for the FM state as functions of the number of the removed electrons. As the excess electrons are taken away gradually, the magnetic moment decreases linearly, and finally to zero when two anionic electrons in a unit cell are completely removed. The spin density map
[ Figure 3f ] also shows that the magnetization density in the 1D cavity is reduced accordingly and finally disappears. Therefore, it is reasonable to conclude that the anionic electrons in the 1D channel dominate the magnetism of Ba 5 As 3 .
Other II-V compounds A 5 B 3 (A = Ca, Sr, Ba; B = As, Sb, Bi) have similar electronic and magnetic properties as Ba electrides have magnetic ground states, and the energy differences between the most stable magnetic state and the NM state are very large which are comparable to those of organic electrides calculated by density functional theory. 39 The largest (smallest) spin-polarization energy is found in Ba 10 As 6 (Ca 10 Bi 6 ) whose cations and anions have the largest (smallest) electronegativity difference. As is proposed previously, the property of anionic electrons in electrides is related to the electronegativity difference between cations and anions. 40 Meanwhile, the confined anionic electrons will dominate the magnetism of electrides. That is to say, the electronegativity difference between cations and anions in electrides will affect the magnetic stability. Interestingly, the FM state becomes more energetically favorable than the AFM state with the decreasing electronegativity difference, and the energy of the FM state relative to the AFM zig state changes from 18.4 meV (Ba 10 As 6 ) to −74.6 meV (Ca 10 Bi 6 ). For most compounds, the energy difference between ground magnetic states and other magnetic states are several tens of meV per formula unit. These values are in the same order as the well-known magnetic organic electrides, suggesting that the magnetic ground state can be well sustained against perturbation. 39, 41, 42 All these results are confirmed by the hybrid functional calculations (see Table S1 ). The band structures and spin density maps for all these compounds are shown in Figure S2 . Furthermore, magnetic stability is checked by applying biaxial strain (data are not shown). It is found that neither the type nor the magnitude of magnetism can be detectably influenced by strain, implying that the magnetism in A 5 B 3 is robust against different substrates.
As discussed above, the magnetic ground state (FM or AFM) of electride depends on the exchange interaction of the anionic electrons, which is complex and will be studied in the future work. Here it should be noticed that, till now all experimentally characterized magnetic electrides are AFM, therefore, the discovery of electride with FM ground state is of particular significance. Since the magnetic density primarily concentrates on the anionic electrons, ferromagnetic electrides can generate pure spin current with low work function and high conductivity, which both have great potential in spintronics based on low-dimensional magnetism. Because all these materials have been already synthesized in experiments,
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electronic and magnetic properties are waiting to be characterized.
0D magnetic electrides
For 0D electrides, three systems, Sr 11 Mg 2 Si 10 (space group: C2/m), Ba 7 Al 10 (space group:
R3m) and Ba 4 Al 5 (space group: P 6 3 /mmc) are found to be magnetic. The magnetic moments and relative energies are given in Table2, which shows that all 0D electrides have magnetic ground states. The crystal structure of Sr 11 Mg 2 Si 10 is complicated, as illustrated in Figure 4a . The partial charge density (E F − 0.2 eV ¡ E ¡ E F + 0.2 eV) shows that some of the electrons are distributed in the 0D cavities surrounded by Sr atoms, while some of them occupy the atomic orbitals of Si. The partial DOS also reflects that the DOS near E F is Figure S3 . Note that these three compounds have also been fabricated in experiments.
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It is worth noting that the spin-polarization energies for 0D electrides here are relatively small (−49.7 meV, −4.5 meV and −0.7 meV per formula unit for Sr 11 Mg 2 Si 10 , Ba 7 Al 10 and Ba 4 Al 5 , respectively), almost an order of magnitude smaller than those for 1D electrides A 5 B 3 . Therefore, these 0D electrides might have weaker magnetic stability against perturbation. It seems to contradict with the conclusion we have drawn in Figure 1 that 1D and 0D electrides are likely to form magnetic ground states. Here we should keep in mind that the conclusion is only suitable for the ideal situation, i.e., the excess electrons (in consideration of the formal valence states of electrides) are completely confined in the cavities and act as anionic electrons. In practice, there are not only anionic electrons but also a certain proportion of orbital electrons around E F for the electrides. Their hybridizations partially delocalize the anionic electrons, and further affect the D(E F ) to lower the peak. In other words, besides the strong dependence on the confinement dimensionality, the magnetic stability of electrides is also related to the hybridization degree between the anionic electrons and orbital electrons. This effect is particularly pronounced in 0D electrides. Comparing Figure 4 and to Figure 2 , it is obvious that the occupation of orbital electrons near E F has a larger proportion for 0D electride Sr 11 Mg 2 Si 10 , which weakens its magnetic stability. For 1D electrides, the proportion of orbital electrons around E F are small and the D(E F ) for nonmagnetic states are large. The inclusion of spin polarization causes the DOS peak to split and shift away from E F , lowering the total energies greatly and stabilizing the magnetic states. In a nut shell, it is the strong hybridization of the anionic electrons and orbital electrons that weakens the magnetic stability in 0D electrides.
Conclusion
In conclusion, we have proposed that Stoner-type instability can be achieved in low-dimentional electrides due to the quantum confinement effect. Using first-principles calculations, we successfully identified a series of 1D and 0D magnetic electrides, including A 5 B 3 (A = Ca, Sr, Ba; B = As, Sb, Bi) (1D), Sr 11 Mg 2 Si 10 (0D), Ba 7 Al 10 (0D) and Ba 4 Al 5 (0D). These electrides have stable magnetic ground states (FM or AFM), with spin-polarization energies up to hundreds of meV. The magnetic moment and spin density are mainly derived from the interstitial anionic electrons. Moreover, we demonstrate that besides the dependence on the confinement dimensionality, the magnetism of electrides is also related to the hybridizations of the anionic electrons and orbital electrons. Such hybridizations delocalize the anionic electrons and weaken the magnetic stability. These ferromagnetic electrides can generate pure spin current with low work function and high conductivity. Our work not only provides a theoretical guidance for the searching of stable magnetic electrides, but also paves a way to the exploration of the magnetic applications in electrides, such as the spin injection in spintronics.
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